Previous systematic studies, using morphometric, allozymic, and cytogenetic data, have produced conflicting results as to the relationship of Dipodomys elator to other species of kangaroo rats. In this study, phylogenetic relationships of D. elator and other closely related taxa (D. merriami, D. phillipsii, D. ordii, D. spectabilis, and D. nelsoni) were examined using nucleotide-sequence data (1,143 bp) from the mitochondrial cytochrome-b gene. With 1 exception, all parsimony and neighbor-joining analyses (regardless of differential weighting scheme or method of calculating genetic distances) indicated that D. elator is most closely related to D. phillipsii. As a result, it is recommended that D. elator and D. phillipsii be included within the phillipsii species group.
The Texas kangaroo rat, Dipodomys elator, has a restricted distribution in northern Texas and south-central Oklahoma (Bailey 1905; Baumgardner 1987; Dalquest and Horner 1984; Davis and Schmidly 1994; Jones et al. 1988; Matocha 1972, 1998) . Within this region, D. elator occupies a mesquite-brushland habitat (Moss and Mehlhop-Cifelli 1990; F. B. Stangl, Jr. and T. S. Schafer, in litt.) . As a result of its limited distribution and unique habitat preference, this species has been the focus of recent conservation efforts (International Union for Conservation of Nature and Natural Resources 1986; C. Jones and M. A. Bogan, in litt.; Texas Parks and Wildlife Department, in litt.; United States Fish and Wildlife Service 1985) . Through these and other efforts, various aspects of the basic biology of this species have been investigated including distribution (Bailey 1905; Blair 1954; Dalquest 1968; Martin and Matocha 1972) , ecology (Lewis 1970; Roberts 1969; Roberts and Packard 1973) , behavior * Correspondent: izrdb@ttacs.ttu.edu (Chapman 1972; Packard and Roberts 1973; Stangl et al. 1992) , and reproduction (Webster and Jones 1985) ; however, little progress has been achieved in resolving the phylogenetic relationship of D. elator to other species of kangaroo rats.
Since the initial description of D. elator by Merriam (1894) , this species has undergone several systematic realignments on the basis of morphological (Baumgardner and Schmidly 1981; Best 1987 Best , 1993 Best and Schnell 1974; Dalquest and Collier 1964; Davis 1942; Genoways and Jones 1971; Grinnell 1921; Jannett 1976; Lidicker 1960a Lidicker , 1960b Schnell et al. 1978; Setzer 1949) , cytogenetic (Fashing 1973; Patton and Rogers 1993b; Stock 1974) , and biochemical (Hamilton et al. 1987; Johnson and Sealander 1971; Patton and Rogers 1993a) studies. Although investigators agree that D. elator is a distinct species, major systematic inconsistencies arise from placement of D. elator in 1 of several species groups. Typically, interpretations of morphological data have placed D. elator in either the elator (Davis 1942) , heermanni (Baumgardner and Kennedy 1994; Best 1993; Schnell et al. 1978) , merriami (Blair 1954; Dalquest and Collier 1964; Hall 1981; Setzer 1949) , phillipsii (Best and Schnell 1974; Grinnell 1921; Jannett 1976) , or spectabilis (Davis 1942; Merriam 1894) species group. Alternatively, D. elator cannot be placed in any species group and is unresolved (Lidicker 1960a (Lidicker , 1960b . Analysis of allozyme data placed D. elator in the phillipsii group (Hamilton et al. 1987) , whereas Stock (1974) and Patton and Rogers (1993b) placed D. elator in the spectabilis group on the basis of chromosomal data.
As evidenced by the lack of agreement among previous systematic studies, phylogenetic affinities of D. elator remain unresolved. To evaluate the phylogenetic relationship of D. elator to the closely related species proposed in the previous studies, we examined the mitochondrial cytochrome-b gene. The cytochrome-b gene was selected because it is phylogenetically informative when examining relationships of sister species and congeners. This gene has an appropriate rate of nucleotide substitution to accurately reflect probable evolutionary histories (Baker et al. 1994; Bradley et al. 2000; Honeycutt et al. 1995; Irwin et al. 1991; Johns and Avise 1998; Lessa and Cook 1998; Meyer 1994; Peppers and Bradley 2000; Smith 1998 ). Our goals were to determine the phylogenetic relationship of D. elator to other species of kangaroo rats to which it previously has been considered related and to evaluate phylogeographic events that can be used to explain the restricted distribution of this taxon.
MATERIALS AND METHODS
Sampling procedures.-Nucleotide-sequence data were generated for the cytochrome-b gene of the mitochondrial genome for 6 species of Dipodomys (D. elator, D. merriami, D. nelsoni, D. ordii, D. phillipsii, and D. spectabilis) Saiki et al. (1988) , 2 external flanking primers, MVZ05 and H15915 (Irwin et al. 1991) , and the following profile: 27 cycles of 95ЊC denaturation (1 min), 50ЊC annealing (1 min), and 72ЊC extension (2 min), with 1 final cycle of 72ЊC extension (7 min). The PCR products were electrophoresed through a 0.8% agarose gel and illuminated under UV light to visualize and quantify the DNA. PCR products were purified using the Qiaquick Purification Kit (Qiagen, Chadsworth, California). Both strands of purified DNA products were cycle sequenced using 7 primers (Table 1) with the ABI Prism dRhodamine Terminator Cycle Sequencing Kit (PE Applied Biosystems, Foster City, California) and the following parameters: 25 cycles of 94ЊC denaturation (30 s), 50ЊC annealing (20 s), and 60ЊC extension (3 min). Automated sequencing of the cytochrome-b gene was accomplished using an ABI Prism 310 Genetic Analyzer (PE Applied Biosystems). Resulting sequences were proofed and aligned using the Sequencher alignment program (version 3.0, Gene Codes Corporation, Ann Arbor, Michigan). DNA sequences were deposited in GenBank, and accession numbers are provided in Appendix I.
Data analyses.-All phylogenetic analyses were performed with the software program PAUP* (Swofford 1999) . Variable nucleotide positions were considered unordered, discrete characters with 5 possible character states; A, C, G, T, or N (missing). With the exception of Perognathus, which had 9 missing bases at the 5Ј end and 3 missing bases at the 3Ј end, we obtained complete sequences (1,143 bp) for all taxa. Proportions of nucleotides and number of phylogenetically informative sites were calculated. To assess interspecific variation among taxa, nucleotides at the 1st, 2nd, and 3rd positions within each codon as well as transition-to-transversion ratios were determined. A preliminary analysis using the branch-and-bound search option was performed to determine an initial phylogeny of all individuals examined in this study.
Rattus and Mus were designated as outgroup taxa, and Geomys bursarius, P. amplus, C. hispidus, and M. megacephalus were included to determine the most appropriate geomyoid outgroup. Based on this initial analysis, Microdipodops was the most closely related taxon to Dipodomys and was used as the outgroup taxon in all subsequent analyses. Additionally, multiple individuals that represented single species formed appropriate sister-taxa relationships; consequently, only 1 individual of each pair was used in further analyses. A heuristic search was conducted using 1 individual of each of the 6 species of Dipodomys, as well as 1 individual of Microdipodops. Several differential-weighting schemes were applied using MacClade (Maddison and Maddison 1992) . Following the method of Sullivan et al. (1997) , transitions were downweighted relative to transversions by factors of 2, 5, and 10. Additionally, following the weighting method of Riddle (1995) , transitions were excluded in 1 analysis to examine only the effect of transversion changes. Based on the transition-to-transversion ratio calculated from sequence data, transitions were downweighted by a factor of 1.6 relative to transversions. Differential weighting was applied to each of the 3 codon positions following Lessa and Cook (1998) . First positions were weighted by a factor of 2, 2nd positions by a factor of 5, and 3rd positions by a factor of 1.
Additionally, positions were weighted based on inherent positional bias (3:7:1) calculated from sequence data. Nucleotide sequences were translated into amino acids using MacClade (Maddison and Maddison 1992) and analyzed using a heuristic search in PAUP. Strict consensus trees were constructed using PAUP if Ͼ1 mostparsimonious tree was generated in any single analysis. Bootstrap analyses with 1,000 replications (Felsenstein 1985) were preformed on all phylogenetic trees to assess levels of nodal support. Bremer decay indices (Bremer 1994) were calculated using the AutoDecay analysis program (Eriksson 1997) as another means of assessing nodal support.
Genetic distances were estimated using 4 models of nucleotide substitutions, including Jukes-Cantor (Jukes and Cantor 1969) , in which all nucleotide changes were weighted equally; Kimura 2-parameter (Kimura 1980) , which assumes equal base frequencies while taking into account that transitions and transversions occur at different rates; Tajima-Nei (Tajima and Nei 1984) , which does not require the assumption of equal nucleotide frequencies; and Tamura-Nei (Tamura and Nei 1993) , which allows for different rates for transitions between purines compared to transitions between pyrimidines. Neighbor-joining trees (Saitou and Nei 1987) were constructed for each model using pairwise distances. Bootstrap analyses (Felsenstein 1985) , with 1,000 replicates, were performed on all trees.
RESULTS
Of the 1,143 bp comprising the cytochrome-b gene, 469 sites (41.0%) were phylogenetically informative. As in previous studies of the cytochrome-b gene in mammals, guanine (13.2%) was the most underrepresented nucleotide (Ducroz et al. 1998; Irwin et al. 1991) . Average transition-to-transversion ratio within the data set was 1.6:1, and inherent position bias was 3: 7:1 for informative sites. Of those informative sites, 109 (23.2%) occurred at 1st-codon positions, 43 (9.2%) occurred at 2nd positions, and 317 (67.6%) occurred at 3rd positions.
Parsimony analyses.-Two most-parsimonious trees, using Rattus and Mus as outgroup taxa, were generated from a branchand-bound search, which included all individuals examined in this study. A strict consensus tree (not shown) was generated, which required 1,538 steps and possessed a consistency index (CI) of 0.503 and a retention index (RI) of 0.567. All individuals within the genus Dipodomys formed a monophyletic assemblage, and all individuals that represented a single species formed appropriate sister relationships. Microdipodops was the most closely related taxon to the ingroup (bootstrap ϭ 74) and, therefore, was established as the preferred outgroup for subsequent analyses. Chaetodipus and Perognathus attached in a stepwise manner to the Microdipodops-Dipodomys clade.
An exhaustive search was performed on the reduced data set, which included 1 individual of each species of Dipodomys, with Microdipodops as the outgroup. That analysis resulted in a tree that was 655 steps in length, with a CI of 0.696 and an RI of 0.384 (Fig. 1) Weighting schemes in which transitions were downweighted by factors of 1.6, 2, and 5, nucleotide positions were weighted 2:5:1, and transitions were downweighted by a factor of 1.6 in combination with nucleotide positions being weighted 3:7:1 produced tree topologies that were identical to the topology produced by the unweighted scheme (Fig. 1) . Each increase in complexity of weighting resulted in a larger number of steps required to generate the tree; however, values for consistency and retention indices increased slightly. Nucleotides were translated into 381 amino acids and were examined using the heuristic search option. That analysis resulted in 2 most-parsimonious trees that were 88 steps in length, with a CI of 0.830 and an RI of 0.559. The consensus tree (not shown) resolved only the relationship between D. nelsoni and D. spectabilis, which had strong bootstrap support. The other taxa were clustered into an unresolved polytomy.
Neighbor-joining analyses.-Levels of sequence divergence were nearly identical for the 4 models of nucleotide substitution (Jukes-Cantor, Kimura 2-parameter, Tajima-Nei, and Tamura-Nei). Distances generated from the Kimura 2-parameter model (Table 2) were used to construct neighborjoining trees. Tree topology was identical for each model of nucleotide substitution. Topology of the tree produced using the Kimura 2-parameter model of nucleotide substitution (Fig. 2) , with the corresponding branch lengths and bootstrap values, was identical to the topology produced from parsimony analyses (Fig. 1) . Bootstrap analysis of each of those trees depicted consistent levels of support for each node and strong support for the D. elator-D. phillipsii and D. spectabilis-D. nelsoni nodes.
DISCUSSION
With 1 exception, each weighting scheme used in this study produced a conserved topology depicting D. elator as most closely Grinnell (1921) and Setzer (1949) based on morphological data. Similarly, studies of bacular morphology (Best and Schnell 1974; Jannett 1976) and allozymes (Hamilton et al. 1987 (Patton and Rogers 1993b; Stock 1974 ). Because we did not include representatives of the heermanni species group, we cannot comment on the possible relationship of D. elator to this western group, as was indicated in some of the morphological studies (Baumgardner and Kennedy 1994; Best 1993; Schnell et al. 1978) . However, these relationships may be tenuous, as the majority of studies have included only 2 of 3 of these species (i.e., D. elator, D. merriami, or D. phillipsii) .
As D. elator and D. phillipsii consistently shared a sister-taxon relationship in this study, the question then becomes whether these 2 species belong within the phillipsii group or whether the phillipsii group, as a whole, should be placed within the merriami group. Based on groupings that have been proposed in the past, the merriami group traditionally has included several species of Dipodomys that are found primarily in the western one-half of North America. A more comprehensive study of the entire genus would be needed to elucidate the magnitude of genetic variation present among species groups. At this time, it seems appropriate to recognize the phillipsii group as a valid species group, which should include both D. elator and D. phillipsii. As other species of Dipodomys are examined, especially those from the western United States, it may be necessary to subsume the phillipsii group into the merriami group.
In all analyses conducted in this study, D. nelsoni and D. spectabilis always formed a sister-taxon relationship. Although placement of those taxa was not the goal of this study, it appears appropriate to include both of those species within the spectabilis group, as defined by Grinnell (1921) .
Based on estimates of percentage of sequence divergence generated for Dipodomys, dates of divergence times were calculated (Table 3) . Rate of sequence evolution was calibrated from that calculated for pocket gophers (DeWalt et al. 1993 ). This rate of evolution of the cytochrome-b gene was about 4.0%/1.0 ϫ 10 6 years, although it should be noted that evidence of heterogeneity of rate was present in the data set for pocket gophers (DeWalt et al. 1993 . Based on estimated dates of divergence, there appears to have been a major radiation within the genus between 3-4 and 0.5 ϫ 10 6 years ago. This would place these events between the middle and end of the Pliocene, which also corresponds to a period of diversification of pocket gophers (Russell 1968) . However, if the applied rate of sequence evolution (4.0%/1.0 ϫ 10 6 years) taken from pocket gophers is indeed faster than the actual rate present in Dipodomys, this radiation may have occurred closer to the beginning of the Pliocene epoch. If these estimates are correct, a central area of diversification may, in fact, be located around the central Mexican Plateau, as proposed by Lidicker (1960a) .
By combining the fossil record with estimated dates of divergence for these species of Dipodomys, several hypothetical speciation events can be constructed. Because D. elator and D. phillipsii clearly shared a common ancestor, these scenarios would focus on speciation events that led to this ancestral form. If D. merriami always has been as widespread as it is today throughout the southwestern United States and northern and central Mexico, a D. merriami- Expansion, contraction, or disappearance of ranges of any of these hypothesized earlier lineages may have, in fact, been facilitated by post-Pleistocene glaciation events. These glaciation events may have been major causative factors underlying contraction or disappearance of earlier species of Dipodomys, while receding of glaciers may have allowed for overall expansion of some species.
